Introduction
Aluminum is widely used in aerospace, automotive, marine and domestic industries, due to its lightness, durability, thermal and electrical conductivity, strength, ductility and weldability 1, 2 . It is a very chemically active material, despite the passivating alumina film that is easily formed on its surface when in contact with oxygen 3 . However, some pollutants can lead to corrosion and, consequently, the reduction of mechanical strength 1 . In this context, ceramic coatings are potentially a good solution to increase the resistance to corrosion and wear of metal surfaces 4 , increasing their useful lives. The plasma electrolytic oxidation (PEO) is a technique that combines atmospheric arc plasmas in an aqueous solution with the known processes of metal oxidation by electrolysis 5 . Such technique allows the production of oxide films on lightweight metals, such as aluminum, titanium and magnesium. Since the process involves the oxidation of the substrate and the incorporation of species in the electrolytic solution, the properties of the coatings depend on the combination of the substrate and the electrolyte solution. In particular, for the production of aluminum oxide coatings, rapid dissolution of aluminum could be achieved with NaCl, NaOH, NaClO 3 , HCl, and NaNO 3 solutions 6 . The red mud (RM) is a residue from the clarifying Bayer process. It is a highly alkaline insoluble solid containing significant amount of elements such as iron, silicon, titanium and aluminum [7] [8] [9] . Such characteristics suggest the red mud to be considered as a promising material to be used in electrolyte solutions for coating of aluminum by PEO since the incorporation of such valuable elements in the coating may contribute to the improvement of wear and corrosion resistances of the substrates. The red mud has been studied for the construction industry, adsorbent metals and organic materials and CO 2 capture 7 . In recent years it has been studied as ceramic films for protecting metals [10] [11] [12] [13] . In this paper, we have studied the production and characterization of ceramic films produced by plasma electrolytic oxidation of red mud-based electrolytes as a possible value added destination to this residue.
Material and Methods

Red mud preparation and characterization
The red mud used in this study was collected in wet form from an industrial bauxite processing plant, located in Alumínio-SP, Brazil. Red mud samples were dried at 50 °C in a muffle for 24 hours, and then they were macerated and stored. The morphology of red mud samples were observed by Scanning Electron Microscopy (SEM) using a JEOL JSM-6010LA microscope fitted with an X-ray energy dispersive spectrometer unit (EDS). Mineral composition was determined by X-ray Diffraction (XRD), using a Panalytical X'Pert powder diffractometer operating at 45 kV, 40 mA with CuKα radiation.
Electrolytic solution and substrate preparation
The electrolytic solution was prepared with 5 g/ L of red mud, potassium hydroxide and distilled water. The solution had a pH of 11. 5052 aluminum alloy, containing 0.25%wt Si, 0. In this paper, we propose the production of ceramic protective thin films by plasma electrolytic oxidation using red mud-containing electrolytes. The treatments were performed through the application of pulsed voltage (600 V, 200 Hz) during 300 seconds to aluminum samples immersed in electrolytic solutions with 5 g of red mud per liter of distilled water. The coatings were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray energy dispersive spectroscopy (EDS) and contact angle and surface energy measurements. The final current density during the experiments was 0.05 A/cm 2 and films as thick as 9.0 µm have been obtained. XRD patterns have clearly shown the incorporation of species from the red mud on the coating.
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cleaned with ultrasonic baths in distilled water, acetone and isopropyl alcohol.
Deposition and characterization of ceramic films of red mud
The samples immersed in the electrolytic solution were connected to the positive terminal of a pulsed power supply (MAO Power Supply) operating at 600 V, 200 Hz, 60% of duty cycle, during 300 seconds. After the treatments, the samples were dried with a hot air gun and analyzed by contact angle and surface energy (Ramé-Hart, model number 100-000), SEM, EDS, XRD and the coating thicknesses were measured at least ten times in four different positions using the eddy current method (Politerm microprocessor CM-8825FN). Distilled water was used as test liquid in contact angle (CA) measurements. Three drops were placed on different positions in each sample and at least ten measurements of each drop were performed immediately after the treatments and once in a week during the first month after the treatment, every fifteen days during the second month and, from then on, every thirty days. The procedure was employed to evaluate the surface energy. However, in that case, the probe liquid was diiodomethane.
Results and Discussion
Red mud characterization
As one can observe in Figure 1 , which shows a SEM micrograph of the dried RM, the powder is constituted by particles of different sizes and shapes, some of them are smaller than 5 µm in diameter and without any regular pattern.
EDS spectra were taken in six randomly chosen points indicated in Figure 2 and the elements detected in each point are shown in Table 1 .
Iron and aluminum oxides are more frequent and with higher proportions, although silicon is present in all analyzed points. The smaller and more rounded particles are recurrent when there are higher proportions of iron, and the larger and more irregular particles contain higher percentage of aluminum. These results are in good agreement with the literature about red mud 7 . The mineralogy of the red mud was analyzed by XRD and it complies with the literature 7, 15 . In the XRD patterns of red mud given in Figure 3 , it can be observed peaks corresponding to sodalite (NaAlSi 4 Figure 4 shows the average current density, ρ i , as a function of treatment time. Some authors 16 consider the current density as one of the most important parameter in a PEO process because, according to the first Faraday law, the coating growth under certain conditions is directly proportional to the electric charge across the solution 17 . Therefore, the decrease in ρ i observed in Figure 4 suggests the decrease of the deposited mass during the treatment. The average film thickness attained after 300 s of treatment was 8.9 (±3.3) µm.
Characterization of red mud coatings
The contact angle and surface energy results are presented in Figures 5 and 6 , respectively.
The contact angle and the total surface energy, E S , of the as-received aluminum sample were 64.9° and 50.3 Dyn/ cm, respectively. The contact angle, that was too low to be measured at the first day after the treatment, increased continuously reaching 82° after aging for eight weeks. The total surface energy has increased to 72.0 Dyn/cm after the first week and then decreased to 42.0 Dyn/cm, reflecting the decreasing of the polar component of E S . Figure 7 presents typical SEM micrographs of the coatings.
The images show a porous surface with plateaus and granular parts. As it can be observed, the porous diameters are typically smaller than 5 µm. In Figure 7b , one can note the presence of smoother or nodular regions, which are indicative of particle coalescence. It is interesting to point out that although such structures are normally observed after exposing the material to very high temperatures 18 , above its melting point, they have been formed with treatments in electrolytes whose temperatures have not exceeded 90 °C. Table 2 presents the atomic composition as determined by EDS spectra collected in four points chosen randomly over the entire sample surface. It is worthy to note that the coalesced regions are constituted mainly by aluminum, suggesting the alloying of the substrate with electrolyte species.
In addition, some elements, such as sulfur, phosphorous, calcium and titanium, present in the red mud have not being incorporated to the coating, indicating that physicochemical effects, rather than purely amalgamation, are responsible for the growth and the properties of the coatings.
The X-ray patterns of aluminum substrate and substrate after PEO processing are given in Figure 8 . Although only aluminum is observed on the diffractogram of the bare substrate, it can be observed a plentitude of species such as sodalite, hematite, calcite, quartz, gibbsite, goethite and perovskite on the X-ray pattern of the coated aluminum. Furthermore, other mineralogical components, such as titanium, iron, aluminum oxide and sodium manganese oxide, were also identified. Since some of these elements have not been detected by EDS, this result indicates that they are present in deeper regions not assessed by EDS.
Conclusion
It has been demonstrated the possibility to produce complex ceramic coatings by plasma electrolytic oxidation of aluminum substrates using red mud based-electrolytes. Coatings as thick as 9 µm have been grown after 300 s of treatment. The aging in air during 8 weeks caused the water contact angle, initially null, to increase up to 82°. Such decrease in surface hydrophilicity was a consequence of the decrease of the density of polar groups on the surface, as evaluated with surface energy measurements. It has been detected the formation of species such as sodalite, hematite, calcite, quartz, goethite, gibbsite and perovskite, which are supposed to confer enhanced wear and corrosion resistances to the surfaces. 
